Abstract-In this paper, a miniaturized dual-band bandpass filter with high selectivity and band-toband isolation is presented. The filter consists of two quarter-wavelength stepped impedance resonators (SIRs) which share a common grounded via-hole and two symmetrical half-wavelength SIRs which are embedded into the inner space to reduce the size of the filter. Two independent mixed coupling paths which are created by the coupling between these SIRs introduce two different passbands. Five transmission zeros (TZs) are generated near the two passbands to achieve high frequency selectivity and band-to-band isolation. To validate the design theory, a dual-band filter operating at 2.45 and 5.2 GHz was designed and fabricated. The size of the proposed filter only occupies 0.095λ g × 0.109λ g and the measured 3 dB fractional bandwidth (FBW) of the first and second passbands is 11.5% and 7.4% respectively. The measured results are in good agreement with the simulated results.
INTRODUCTION
In the process of rapid development in microwave wireless communication, the requirements for multiband/multi-functional microwave systems that support various modern services have increased rapidly. To meet the requirements, various dual-band bandpass filters (BPFs), as the key components in dualband wireless communication systems, have been studied and developed. In order to obtain a dual-band passband, many methods have been explored. In [1] , two single-band filters are paralleled to achieve two passbands. In [2] , two passbands are achieved through cascading a broadband filter with a bandstop structure. In [3, 4] , the synthesis approach including frequency transformations and coupling matrix optimizations is used to design dual-band BPF. In [5] [6] [7] [8] , a dual-band BPFs using SIRs and stub loaded resonators with multiple resonant modes have been proposed. However, these conventional methods show many disadvantages: complicated structure, large size and hard to design, which can not satisfy the requirements of the modern communication systems. Hence, many researchers have concentrated on the design of dual-band bandpass filters which have good frequency selectivity, compact and high isolation [9] [10] [11] [12] [13] [14] [15] .
In this paper, a miniaturized dual-band BPF which consists of two quarter-wavelength stepped impedance resonators and two symmetrical half-wavelength stepped impedance resonators is proposed. Through the coupling between these SIRs, two independent mixed coupling paths which can introduce two different passbands are created. Meanwhile, because of the mixed electric/magnetic (EM) coupling, multiple TZs are generated near the passbands. Owing to these TZs, the BPF achieves good passband selectivity and satisfactory band-to-band isolation. The center frequencies and the bandwidths of the two passbands can be controlled independently. Figure 1 shows the layout of the proposed dual-band BPF. The filter consists of four stepped impedance resonators: two quarter-wavelength SIRs and two symmetrical half-wavelength SIRs. The two quarterwavelength SIRs share a common grounded via-hole and another two symmetrical half-wavelength SIRs are embedded into the inner space, as shown in Figure 1 . The grounded via-hole offers the magnetic coupling and the gap S 1 between the low-impedance lines of resonators 1 and 2 provide the electric coupling. The electric coupling between the low-impedance lines of resonators 3 and 4 is achieved through the gap S 2 . It must be emphasized that the magnetic coupling between resonators 3 and 4 is introduced through the coupling between the resonators 3, 4 and a part of high-impedance transmission line of resonators 1, 2, and also with the effect of the grounded via-hole. The corresponding coupling and routing scheme of the proposed filter is equivalent to a structure chart as shown in Figure 2 . A graded feed line allows flexibility in the design, and the feed location can be easily adjusted.
DESIGN AND ANALYSIS OF PROPOSED BPF
As shown in Figure 2 , two passbands are realised by introducing two mixed coupling paths between the input and output port. The first passband is introduced by the mixed coupling path which is created between resonators 1 and 2. The second passband is introduced by the mixed coupling path which is created between the resonators 3 and 4. The widths of the two passbands are mainly influenced by the strength of the electric coupling between the SIRs and the strength of the electric coupling can be controlled through turning the gap S 1 and S 2 . In order to verify the proposed method, a dual-band BPF design whose two passbands are centered at 2.45 and 5.2 GHz separately applied in wireless local area network is proposed. In this BPF design, the main procedure is that two passbands of the filter are designed separately in the first step. Then, the two designs are combined together. Simulated by Ansoft's High Frequency Structural Simulator (HFSS) v10, the whole structure was optimized and tuned in the last step.
Firstly, a traditional mixed-coupled structure [16] is designed for the first passband, and the center frequency of which is 2.45 GHz, as shown in Figure 3 . In this design, the center frequency of the passband can be controlled by changing the size of two SIRs, and the bandwidth can also be changed by controlling the strength of the electric coupling in the structure. Figure 4 shows the simulated results of the BPF in Figure 3 . As shown in Figure 4 , two TZs are introduced near the passband. TZ 1 at the low frequency end of the passband is realised by mixed electric and magnetic coupling effects, and TZ 2 in the high frequency end is introduced by the harmonic effects of the distributed transmission line in the filter.
Then, the second mixed-coupled structure is designed to achieve the second passband, for which the center frequency is 5.2 GHz. Figure 5 shows the layout of the second design. The two embedded SIRs achieve the electric coupling through the gap S 2 while the magnetic coupling is achieved through the
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Resonator 4 R via Figure 1 . Layout of the proposed dual-band filter. Figure 2 . Corresponding coupling and routing scheme of the proposed filter. grounded via-hole in the coupled line. The simulated result of the second design is shown in Figure 6 . As shown in Figure 6 , two TZs are introduced near the passband. The TZ 3 located at the low frequency end is realised by the mixed electric and magnetic coupling, and TZ 4 at the high frequency end is introduced by the harmonic effects of the distributed transmission line in the filter. A new structure then can be achieved by combining the two filters designed above, as shown in Figure 1 . Simulated by the optimization function of HFSS v10, the main parameters, such as S 1 , S 2 , S 3 and L t , achieve the optimal values. After optimization, a good simulated result of the dual-band structure is achieved. Compared with the two single-band structures, the simulated S-parameters of the dual-band structure are shown in Figure 7 . It can be seen that five transmission zeros are introduced near the two passbands. TZ 1 is generated by the canceling effects of the mixed coupling in the first coupling path, and TZ 2 is generated by the harmonic effects of the transmission line of the resonators 1 and 2. TZ 3 near the second passband is generated by the canceling effects of the mixed coupling in the second coupling path. Figure 8 depicts the simulated electric field distribution at the center frequencies of the two passbands. As shown in Figure 8 , the electric field distributes in the outer and inner SIRs, respectively, and the electric field distribution at 2.45 GHz mainly concentrates on the outer SIRs while the electric field distribution at 5.2 GHz mainly concentrates on the inner SIRs. It can be verified that the first passband is created by the outside SIRs, and the second passband is introduced by the inside SIRs. Figure 9 shows the photograph of the fabricated dual-band filter. The proposed filter is fabricated on the Rogers RO4350 substrate with a relative dielectric constant of 3.66 and a thickness of 0.508 mm. The dimensions of proposed filter were: W 0 = 1.10 mm, W 1 = 0.20 mm, W 2 = 2.00 mm, W 3 = 2.00 mm,
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40 mm, L t = 2.40 mm, S 1 = 0.19 mm, S 2 = 0.22 mm, S 3 = 0.10 mm, R via = 0.20 mm. The total area of proposed BPF is 6.10 × 7.00 mm 2 which corresponds to 0.095λ g × 0.109λ g , where λ g is the guided wavelength at the centre frequency of the first passband. The filter was tested using an Agilent E8363B network analyzer. Comparison of simulated and measured results of the dual-band filter is shown in Figure 10 . The measured results show that the first passband is centered at 2.43 GHz, and the second passband is centered at 5.2 GHz. The return loss is better than 14.2 dB in the first passband and better than 12.2 dB in the second passband. The measured 3 dB fractional bandwidths for the first and second passbands are 11.5% and 7.4%, respectively. The measured insertion losses for the first and second passbands are 2.3 dB and 2.5 dB, respectively. The transmission zeros, TZ 1 , TZ 2 , TZ 3 , TZ 4 , TZ 5 , are located at 1.95 GHz with 43.8 dB rejection3.62 GHz with 49.2 dB rejection, 5.21 GHz with 31.5 dB rejection, 5.8 GHz with 46.3 dB rejection, 9.76 GHz with 49.2 dB rejection, respectively. The frequency selectivity and band-to-band isolation of the dual-band filter are obviously improved by TZs introduced near the two passbands. The measured results agree well with the simulated ones. However, the measured bandwidth of the second passband is narrower than the simulated one, and the insertion loss of the filter becomes bigger than the simulation result, as shown in Figure 7 . This may be caused by fabricated errors in the microstrip Figure 9 . Photograph of the fabricated dualband bandpass filter. line and the dimension of the gaps in these SIRs. Table 1 summarizes the comparison of the proposed filter with other reported bandpass filters [13] [14] [15] .
CONCLUSION
In this paper, a miniaturized dual-band BPF operated at 2.45 and 5.2 GHz with high selectivity and isolation is presented. Two independent mixed coupling paths are introduced by the coupling between the SIRs which are designed in this filter. Because of the two independent mixed coupling paths, the center frequencies and bandwidths of the two passbands can be independently controlled. Owing to the mixed coupling, multiple TZs are introduced near the passbands to enhance the band-to-band isolation and frequency selectivity. The theory proposed has been verified by simulation and measurement. With good frequency performance and small size (i.e., 6.10×7 mm), the filter is attractive in WLAN dual-band (i.e., 2.45 and 5.2 GHz) applications.
